Background: Hip fractures are mainly caused by accidental falls and trips, which magnify forces in well-defined areas of the proximal femur. Unfortunately, the same areas are at risk of rapid bone loss with ageing, since they are relatively stress-shielded during walking and sitting. Focal osteoporosis in those areas may contribute to fracture, and targeted 3D measurements might enhance hip fracture prediction. In the FEMCO case-control clinical study, Cortical Bone Mapping (CBM) was applied to clinical computed tomography (CT) scans to define 3D cortical and trabecular bone defects in patients with acute hip fracture compared to controls. Direct measurements of trabecular bone volume were then made in biopsies of target regions removed at operation. Methods: The sample consisted of CT scans from 313 female and 40 male volunteers (158 with proximal femoral fracture, 145 age-matched controls and 50 fallers without hip fracture). Detailed Cortical Bone Maps (c.5580 measurement points on the unfractured hip) were created before registering each hip to an average femur shape to facilitate statistical parametric mapping (SPM). Areas where cortical and trabecular bone differed from controls were visualised in 3D for location, magnitude and statistical significance. Measures from the novel regions created by the SPM process were then tested for their ability to classify fracture versus control by comparison with traditional CT measures of areal Bone Mineral Density (aBMD). In women we used the surgical classification of fracture location ('femoral neck' or 'trochanteric') to discover whether focal osteoporosis was specific to fracture type. To explore whether the focal areas were osteoporotic by histological criteria, we used micro CT to measure trabecular bone parameters in targeted biopsies taken from the femoral heads of 14 cases. Results: Hip fracture patients had distinct patterns of focal osteoporosis that determined fracture type, and CBM measures classified fracture type better than aBMD parameters. CBM measures however improved only minimally on aBMD for predicting any hip fracture and depended on the inclusion of trabecular bone measures alongside cortical regions. Focal osteoporosis was confirmed on biopsy as reduced sub-cortical trabecular bone volume. Conclusion: Using 3D imaging methods and targeted bone biopsy, we discovered focal osteoporosis affecting trabecular and cortical bone of the proximal femur, among men and women with hip fracture.
Hip fractures are the most common reason for orthopaedic hospital admission in older people [1, 2] , accounting for N85,000 admissions annually in the UK [3] and causing considerable mortality [4] . N90% of all hip fractures in the elderly are sustained through a fall, although some involve less trauma, happening spontaneously or during trips and stumbles [1] . Fracture occurs when mechanical strain is disproportionately concentrated on one part of the bone compared to surrounding regions [5] . The forces that act on a femur during floor-impact or during a stumble can be replicated in the laboratory. These simulations indicate that hip fractures initiate in small highly consistent focal regions of the proximal femur [6, 7] . In older adults, those regions have often become thin and porous through decades of age-associated bone loss, since they are stress-shielded during activities such as walking [8] . Micro CT measurements of trabecular bone from femoral head and neck biopsies support this notion, with substantially more bone present in areas directly loaded by walking than in fracture-prone zones [9, 10] .
Ordinary clinical computed tomography (CT) scans have been be used to identify focal 3D bone loss in ageing and as a predictor of fracture [11] [12] [13] [14] [15] [16] . Cortical Bone Mapping (CBM) couples CT imaging capability with an evaluation method to find average differences between groups known as statistical parametric mapping (SPM) [11] [12] [13] [14] [15] [16] . CBM can also be used to visualise femoral cortical thickness in CT scans from individual patients (Fig. 1) .
By studying the intact contralateral femur of women with hip fracture from the Czech Republic (taking advantage of the anatomical similarity with the fractured side) we previously used CBM to discover thumbnail-sized patches of cortical thinning in fracture-prone focal regions [17] . Next we applied CBM to baseline scans from a case-cohort study of 288 healthy older male volunteers from the prospective MrOS study. Comparing the 99 men from the cohort who went on to sustain hip fractures with their fracture-free counterparts, we identified focal osteoporosis (focal regions of thin cortical bone [17] along with larger trabecular defects [18] ) that predicted fracture (femoral neck, FN or trochanteric, TR Fig. 1a ) slightly better than did two-dimensional areal bone mineral density (aBMD) measurements from Dual Energy X-ray Absorptiometry (DXA). Not only are the two hip fracture types known to originate at anatomically distinct foci ( Fig. 1 ) [19] but from a surgical perspective are managed differently. Even though the overall prediction of hip fractures using CBM and DXA was similar [20] , identifying focal osteoporosis through imaging techniques such as CBM might help in the proactive prevention of hip fracture given that targeted implantation of locally acting pharmaceuticals via the greater trochanter is technically feasible [21] . Traditional QCT measures of femoral neck and 'total hip' areal Bone Mineral Density (for example CTXA™, Mindways Austin, Texas, USA [22] ) are now in routine clinical usage for hip fracture prediction by incorporation in the WHO FRAX™ tool. Several important questions remain; i) is focal osteoporosis present in the cortical and trabecular bone of women with hip fracture, and ii) do the CBM measures discriminate hip fractures better than traditional QCT measures of femoral neck and 'total hip' density ( Fig. 1b) ? To answer these questions we analysed data from several case-control studies, involving participants from both sexes who had sustained the two commonest types of hip fracture. We applied CBM [13, 14, 23] to clinical CT scans from the intact hip of cases and controls to define the 3D regions of interest (ROIs) where cortical and trabecular bone defects are associated with hip fracture, and then compared CBM with CTXA measures using Receiver Operator Characteristic analysis (ROC). Having identified defects, we then took targeted core biopsies from those regions at hemi-arthroplasty for accurate assessment of trabecular bone volume.
Materials and methods

FEMCO study; ethics and overview
The FEMCO study (Table 1 ) commenced in 2007, recruiting participants from Cambridge (LREC 07/H0305/61). Clinical CBM and CTXA measurements were made on the intact hip of fracture-patients scanned in an acute setting before surgical repair. After formal protocol amendments, the FEMCO study was adopted onto the UK National Institute for Health Research (NIHR) portfolio and several other centres contributed participants after informed consent (http://public.ukcrn.org. uk/search/StudyDetail.aspx?StudyID=5290). The study protocol, CT imaging parameters and recruitment were closely aligned with previous Cambridge studies (MRC-Hip Fx, MRC-Ageing LREC 06/Q0108/ 180, LREC99/076 and Anglo-Cardiff Collaborative Trial, ACC LREC 04/ Q0108/257) as well as Prague studies (Study of Hip Joint in Trauma, IRB0002384101) [24] . All hip fractures were classified by the Muller AO criteria by a consultant radiologist (TDT) into femoral neck, FN (trans-cervical AO31-B1, B3 and sub-capital AO31-B2), or trochanteric, TR, types from multi-planar reformatted CT images. We combined fracture and control participants from all our studies in the present analysis. The key protocol details, including selection criteria for the FEMCO, MRC, ACC and Prague studies, are listed in Tables 1-5 . This case-control study used CBM and SPM to identify differences in bone parameters (cortical mass surface density CMSD and endocortical trabecular density ECTD) between 70 FEMCO patients with hip fracture (50F, 20M) and 70 gender-matched healthy controls from previous Cambridge studies [24, 25] . Our aim was to determine if the focal osteoporosis that we had identified in hip fracture patients from the Czech Republic [17] was present in an independent population.
Subjects and specimens
Study 1.2
This case-control study used CBM and SPM after combining women with hip fracture from FEMCO and Prague studies (n = 138, 52 Trochanteric and 86 Femoral Neck by Muller AO classification [26] ) and comparing their bone parameters with those from 125 healthy age-matched female controls from previous Cambridge and Prague studies. Our aim was to determine if patches of focal osteoporosis differed between fracture types (TR or FN). A further aim was to determine how well CBM measures (CMSD and ECTD) with or without areal bone density measurements (CTXA) discriminated hip fractures from controls with Receiver Operating Characteristics (ROC) analysis. Protocol amendments were made to both FEMCO and the associated Prague Hip Joint in Trauma studies [17] to align selection and CT scanning criteria aiming to combine patients from both centres. This gave sufficient numbers of hip fracture cases and controls from each country to allow us to study differences between FN and TR fracture in women.
Study 1.3
This case-control study used CBM and SPM to identify differences in bone parameters between 50 FEMCO female hospitalised fallers and 50 age-matched healthy female controls from previous Cambridge studies. Our aim was to determine if focal osteoporosis was present in fall-prone elderly women. Fallers were defined as having had a recent admission to an ortho/geriatric unit following a fall, with or without any fracture (except hip fracture), from a standing height or less.
Study 2.1
This observational study involved targeted evaluation of the trabecular bone microstructure in the femoral head-neck junction (informed by the above studies) and another unloaded part of the femoral head, conducted at micro-CT resolution in 14 surgical specimens from FEMCO FN hip fracture patients. Our aim was to determine if focal osteoporosis could be identified by Bone Volume/Tissue Volume (BV/TV) measurement in affected areas.
2.4. Bone measurements; estimating cortical mass surface density and trabecular density from CT data The analysis of local cortical parameters, such as thickness or cortical mass surface density, has historically been limited since thin structures such as the femoral cortex are not accurately depicted in clinical CT due to the limited spatial resolution of the images. Recent developments allow the estimation of local cortical and trabecular parameters from CT images. In this, as in previous studies, estimations were made at thousands of locations ('vertices') on a surface mesh of the unfractured proximal femur [13, 14] . The mesh was created by segmentation of femoral bone from surrounding tissues using Stradwin (v5.1 available free to download at http://mi.eng.cam.ac.uk/~rwp/stradwin). Also using Stradwin, the CT data was sampled at each vertex of the mesh using 18 mm lines perpendicular to and passing through the femoral cortex and trabeculae as described in detail recently [27] . Previously, we have used restrictive models of both the femur being scanned and the imaging system and then fitted these models to the observed data. Since a dense, thin, blurred cortex might appear identical to a less dense, thicker, blurred cortex with such an approach, we therefore needed to incorporate some prior knowledge about either the density or the blur; finding that assuming a specific, fixed value for the density was more successful than assuming a constant blur [14] . Later, we described a robust method for estimating this density, and extended the analysis to include cortical mass surface density which is the product of cortical thickness and cortical density (CMSD mg/cm 2 ) as well as cortical thickness (CTh) [13] . We chose CMSD for the current analysis since it was recently found to be the most accurate and precise of the measures from cortical bone mapping [23] . Recognising the importance of trabecular bone measures in fracture discrimination, we also estimated endocortical trabecular density (ECTD, mg/cm 3 ) by taking the calibrated height of that part of the 18 mm line passing through the trabecular bone. The process of registering femurs to a canonical ('average') surface yielded data on shape and bone size. Most (81%) of the variation in shape between femurs can be explained by a small number of deformation modes (as Whitmarsh et al. found [28, 29] ). We therefore summarised each individual's shape as a 5-element vector representing the deformation of the femur along each of the 5 principal modes. The first mode could be described as overall femur size and the second approximates to femoral neck axis length. This 5-element shape vector was used in subsequent SPM. To measure aBMD, Mindways QCTpro CTXA (version 5.1.3, Mindways Software Inc., Austin, Texas) was used to give measures of femoral neck (Fn) or total hip (Th) aBMD in g/cm 2 (as utilised in the current version of the WHO FRAX tool).
Statistical analysis models for SPM
Demographic variables were compared and expressed as mean and standard deviation with Student's t-test to determine the significance of any differences between cases and control (JMP v11, SAS institute). Statistical analysis of the registered femurs was performed using SPM [30] as implemented in the SurfStat package [31] . SPM involved fitting a generalised linear model to determine CMSD (or ECTD) in terms of explanatory and confounding variables. The model coefficients were then examined to reveal how the data depended on each covariate to identify where on the femur, if anywhere, each covariate was predictive of thickness or mass (with an associated p-value). Central to successful inference using SPM was the question of which covariates to include in the model. The null hypothesis was that there would be no focal differences in CTh, CMSD or ECTD between fracture and controls in 3D femoral structure. Therefore the fixed effects generalised linear SPM model (GLM) used for Study 1.1 was CMSD (or ECTD) = 1 + group + age + weight + sex + shape 2 + shape 3 + shape 4 + shape 5. The same GLM, but substituting site (Czech Republic or UK) for sex was used for Study 1.2. Group was defined as 'fracture or control' in Study 1.1, 'FN fracture, TR fracture or control' in Study 1.2 and 'faller or control' in 1.3. In these models, age and weight, site and shape modes 2-5 were modelled as confounding variables. Allowing for shape (parameterized using the discrete shape modes derived from the registration process) guarded against false inference caused by systematic misregistration [32] . We did not model shape mode 1 (femur size) or patient height, since these covariates were correlated with group and we would have encountered the well-known problem of correlated regressors. Consequentially, we would have been in danger of missing significant effects [31] because the statistical tests in SPM reveal only the variance that can be ascribed uniquely to the covariate(s) of interest [33, 34] . The only imaging-derived explanatory variables were the shape modes, and there was no justifiable reason to expect these to differ with study (and certainly not with scanner/phantom type), so group was not nested within 'study' in 1.2.
Creation of a region of interest (ROI) for discriminatory analysis (Receiver Operating Characteristics)
Single average measurements across the entire ROI (generated from the completed process of SPM for each patient in Study 1.2) were then derived. In the present study, there were four ROIs: a 'femoral neck fracture cortical' and a 'trochanteric fracture cortical' ROI as well as a 'femoral neck fracture trabecular' and 'trochanteric fracture trabecular' ROI (for ROI boundaries, see Fig. 3c -f). These single 'patch average' values were then taken forward (along with demographics) to test the discriminatory ability of CT bone mapping ROIs (CMSD or ECTD) to correctly classify fracture versus control and also TR and FN types. CBM was compared with CTXA. Receiver Operating Characteristics (ROCs) were created using leave-one-out cross-validation, such that predictions for each subject were only ever made on ROIs and models not containing that subject. Individual odds ratios for each ROI, as well as for CTXA values, were calculated separately from multinomial regression.
Precision measurements
Precision was previously assessed in repeat analysis of 19 individuals re-imaged with CT and re-analysed after an average of 61 days (standard deviation 22 days, range 34 to 107 days) giving a measurement precision of 5% of the mean at individual measurement points, dropping to 1% of the mean when measurements were averaged over a defined region of interest.
Bone measurements: femoral head surgical specimen selection and preparation
Femoral heads were obtained from 14 FEMCO participants who had undergone CT scanning prior to surgery. Once each femoral head had been removed at arthroplasty it was placed in 70% ethanol for at least 7 days for fixation. Femoral heads were sawn in half to make taking the cores easier. A modified Bordier trephine (diameter 7 mm) was used to take core biopsies from each half, one from the ROI in the anterolateral femoral head known to be associated with FN fracture [17] and the other from the subfoveal region on the opposite side of the head for comparison (Fig. 2) .
Each biopsy was placed cortex down in a Perspex mould and scanned in air in a Metris X-TEK HMX CT 160 microCT scanner (Nikon Metrology, Derby, UK) at 50 kV and 60 μA, FOV 1024 × 1024 pixels, acquisition time c. 1 h. Images were centred and squared in XTEK -NGI control software then images were further straightened in CT PRO software (supplied with the scanner). VGStudio max software (Volume Graphics GmbH, Heidelberg, Germany) was used to create DICOM images (voxel size 0.02 × 0.02 × 0.02 mm). ImageJ N Bone J (http:// imagej.nih.gov/ij/) was used to open the DICOM data (orientated perpendicularly to the long axis of the cylindrical biopsy, Fig. 2 , lower pane) [35] . Images containing just the trabecular portion of the biopsy were then selected. The middle image of this stack was chosen as a reference point for each core for automatic brightness and contrast adjustment. On that same image a circular ROI was created (6.26 mm) leaving a small margin at the periphery of the core. The images were segmented into bone and background and an automatic measurement of bone volume/tissue volume (BV/TV) was taken using the method described by Doube [35] to give an overall BV/TV for the core. Using the 'delete slice range' option from the 'stacks' sub option of the 'plugins' menu BV/TV measurements were then averaged throughout the core in 100 slice stacks (2.3 mm) to determine BV/TV through the length of the biopsy from the subcortical part to the trabecular end of the biopsy (Fig. 2) . This method involved reloading the stack of images before cutting it down to measure each 100-slice stack. Thus, internal quality control was provided as the whole biopsy BV/TV was measured each time and the coefficient of variation of the overall biopsy BV/TV ranged in individual cases from 0 to 0.76%. BV/TV data was complete for all cores for the first three hundred slices; after that point due to damage to the cores (caused by either the femoral head extraction process or crushing during the biopsy extraction process) the data were less complete so that only the first 500 slices (11.5 mm) could reasonably be compared. Paired t-tests were performed comparing each stack of 100 images between the two biopsy sites.
Results
Study 1.1
Comparison of 70 hip fracture patients (20 male and 50 female) with 70 healthy gender-matched controls: Fig. 3a and b show colour maps of the statistically significant differences between hip fracture patients and healthy controls in cortical mass surface density (CMSD, the primary outcome measure) and trabecular bone (ECTD). The focal differences involved several ROIs including the supero-anterior and inferior femoral neck. The hip fracture cases were statistically significantly older (cases mean age 78.3 yrs ± 9.9 standard deviation; healthy controls 74.0 ± 9.1, p = 0.0084), lighter (cases weight, 62.6 ± 12.5 kg; healthy control 70.9 ± 13.5, p = 0.0002) and had lower aBMD (cases femoral neck aBMD, 0.53 ± 0.11 mg/cm 2 , healthy control 0.70 ± 0.13, p b 0.0001). They were only well matched for height (cases height, 1.65 ± 0.09 m; healthy controls 1.64 ± 0.10, p = 0.74). There were 51 FN fractures, but only 19 TR fractures, hence the need to combine these subjects with the Prague Study of Hip Fracture participants (Study 1.2).
Study 1.2
Comparison of hip fracture type (FN, n = 86 or TR, n = 52) with healthy age and gender matched controls (all female, n = 125): The main finding was the strikingly focal, rather than generalised, difference in cortical and trabecular bone between controls and fracture cases (Fig.  3c-f ). FN fracture types had a focal cortical bone defect that encompassed the superior femoral head neck junction and passed around the inferior neck and towards the anterior part of the trochanter. TR fractures also had a marked cortical bone defect in the trochanter itself. There was at least 20% less cortical bone in the 'core' of the ROI, compared with controls. Fig. 3d also shows a matching focal trabecular bone defect in FN fracture cases (similar to the cortical regions) and this Fig. 2 . Biopsy regions. The cartoon shows the locations for the biopsies, and a resulting XTEK high resolution scan image through the femoral head of a FEMCO study participant who had donated their femoral head at operation. Also shown are the five 100-slice segments.
was the site chosen for the surgical trephine biopsy taken for high-resolution microCT in Study 2.1 (shown by a black arrow). There was a more generalised trabecular bone deficit in TR fracture cases. Trabecular bone loss affected more of the femur than cortical bone loss in both fracture types. For femoral neck fractures, considering the total bone surface measured, 35.4% of trabecular and 18% of cortical measurements were statistically significantly lower than control. 22% of the areas with trabecular defects had corresponding cortical defects. For trochanteric fractures, on average 82.1% of trabecular and 48.9% of cortical measurements were lower than control. 36.9% of areas with trabecular defects had corresponding cortical defects. The combined UK and Czech female hip fracture cases were statistically significantly lighter (cases weight, 0.59 ± 0.13 kg; 63.2 ± 11.5 healthy control 66.4 ± 11.2, p = 0.024), taller (cases height, 1.62 ± 0.07 m; healthy controls 1.58 ± 0.07, p b 0.0001) and had lower femoral neck CTXA aBMD (cases aBMD, 0.59 ± 0.13 mg/cm 2 ; healthy control 0.69 ± 0.12, Cortical (e) and trabecular (f) differences between female trochanteric fracture patients (n = 52) and controls (n = 125). The black arrow highlights the biopsy site for Study 2.1. Study 1.3. Cortical (g) differences between frail female patients with at least one injurious fall (n = 50) versus 50 healthy controls (no difference in trabecular bone (h)).
TR Comparison of 50 frail females who had fallen with 50 healthy age and gender-matched controls: Fig. 3g shows a statistically significant difference between UK FEMCO fallers and healthy controls in CMSD. The fallers had lower CMSD than controls in ROIs that were smaller, but in similar anatomical locations to those observed in the hip fracture cases (Study 1.1). Although this suggests that cortical bone defects are also present in frail fall-prone elderly women, there were no statistically significant differences in trabecular density (ECTD, Fig. 3h ).
This result confirms that inpatient fallers are a potentially unsuitable control group for studies involving hip fracture patients, due to ascertainment (Berkson's) bias [36] . The female fallers were well matched to controls for age (fallers age, 75.5 ± 8.6 yrs.; healthy controls 77.3 ± 7.5, p = 0.28), weight (fallers weight, 69.1 ± 16.0 kg; healthy control 67.1 ± 12.1, p = 0.48) and height (fallers height, 1.61 ± 0.07 m; healthy controls 1.60 ± 0.07, p = 0.34). The fallers had statistically significantly lower femoral neck aBMD (fallers aBMD, 0.59 ± 0.13 mg/cm 2 ; healthy control 0.65 ± 0.09, p = 0.0096).
Study 2.1
Femoral neck hip fracture operative specimens: There was statistically significantly less sub-cortical trabecular bone volume (BV/TV) in the targeted biopsy taken from the ROI identified in Fig. 3d compared with the inferior subfoveal core (see Fig. 4 ). The surgical specimens came from individuals who represented the overall UK FEMCO sample well for age (biopsy patients age, 78.0 ± 8.5 yrs; all FEMCO hip fracture patients 78.6 ± 9.7, p = 0.57), height (biopsy patients height, 1.65 ± 0.10 m; all FEMCO 1.63 ± 0.09, p = 0.48) and weight (biopsy patients weight, 65.4 ± 17.7 kg; all FEMCO 61.3 ± 11.8, p = 0.47). The biopsy patients had similar femoral neck aBMD to the rest of the FEMCO cases (biopsy patients aBMD, 0.57 ± 0.12 mg/cm 2 ; all FEMCO 0.52 ± 0.11, p b 0.07), and it is also noteworthy that their average T-score was not in the osteoporotic range -2.02 (± 1.04). Examining paired samples, the only significant difference was in the sub-cortical region of the cores (p = 0.046) beyond that point there were no significant differences.
Receiver operating characteristic (ROC) curves for fracture determination
The results described in Study 1.2 led us to test individual parameters and combinations of parameters in sensitivity analyses. We calculated a single average cortical measurement from each patient incorporating values across all significant bone mapping ROIs shown in Fig. 3(c-f) , repeating that process for trabecular bone ROIs. We calculated the Area Under the Curve (AUC) from Receiver Operating Characteristic (ROC) analysis to compare fracture discrimination using bone mapping (cortical, trabecular or both) values with aBMD of the femoral neck (Fn) and total hip (Th) regions. It can be seen from Fig. 5a , that Fn and Th aBMD together are good at discriminating all fractures from control subjects (AUC 0.79). aBMD is somewhat less effective at determining fracture type (dotted and dashed grey lines). Bone mapping measurements from cortical ROIs alone did not increase the AUC for discriminating fractures from controls (Fig. 5b) . It was only after adding values from the trabecular ROIs that the AUC improved to be numerically greater than aBMD (AUC 0.82, Fig. 5c and d) , with improved deviance statistics. While individual adjusted odds ratios do not quantify classification accuracy, we did find that odds ratios from multinomial regression were numerically greater for trabecular bone measures than they were for cortical bone measures (Table 6 ).
Discussion
Femoral neck and trochanteric fracture patients had different patterns of focal osteoporosis. Such focal osteoporosis is unfortunate, since it affects locations in the proximal femur where cracks are expected to initiate during falls (at least as simulated in the laboratory [6, 5] ). Trabecular bone loss affected more of the femur than cortical bone loss in both fracture types. As reflected in ROC analysis and odds ratios the ability to effectively discriminate hip fractures from controls was better when including trabecular (as well as cortical) measurements. In our study, women with femoral neck fractures had large focal defects located within the superior neck, particularly at the head-neck junction (Fig. 3c-d) , compared with controls. Women with trochanteric fractures lacked trabecular bone throughout the femur (except in the loaded inferior cortex), but also lacked cortical bone in a focal patch that incorporated both the lateral trochanter and superior femoral neck (Fig. 3e-f) . In ROC analysis, CBM measures improved upon CTXA measures for discriminating fracture type from controls (from 0.79 with CTXA to 0.82 with CBM), but crucially, this was only when trabecular bone was included in the model. This adds considerable support to data indicating that trabecular bone is an important determinant of hip fracture [37] [38] [39] [40] . Deficient trabecular bone in the hip [41] [42] [43] has been implicated in increased fracture risk due to anisotropy leading to inability to cope with loading from an unexpected direction as in a sideways fall [44] . Since cortical thinning reduces the hip's capacity to absorb energy imparted by a fall [7] , it follows that trabecular bone loss adds to this effect. By directly sampling the areas identified as most deficient by imaging (Fig. 3d, black arrow) , our MicroCT findings confirm focal osteoporosis ("too little bone in the bone" [45] ). The biopsied patients did not have generalised osteoporosis as evidenced by their aBMD T-scores, which underlines the focal nature of the bone volume defect found.
DXA scanning for fracture risk estimation is unlikely to be surpassed by higher radiation CT technology in routine clinical practice, but the present study is useful in confirming the clinical utility of both CTXA and CBM measurements. Our findings fit well with the work of Duboeuf and co-workers using the EPIDOS prospective cohort [46] . They found that measuring the upper half of the femoral neck with DXA enhanced the prediction of FN hip fracture, while aBMD of the lower half was no different from controls [46] . Alongside recent evidence that osteoporosis treatments and exercise have focal effects on the proximal femoral cortex and trabeculae [27, 47, 48] , our CBM results suggest that hip Fig. 3d) . p = 0.046 for the paired difference between 1 and 100 slices. fracture prevention strategies may need to be tailored to improve the focal femoral defects which are characteristic of each fracture type.
There is increased interest in the assessment of CT variables in atrisk patients who are undergoing clinical CT for other diagnostic reasons [49] . CT is also useful for estimating whole bone strength under different simulated loading conditions. Finite element models based on CT data are approved for the clinical prediction of hip fracture and drugs have been shown to strengthen the bone under simulated loading conditions [50, 51] . Several recent studies have used either traditional ROI analyses to investigate the influence of CT cortical bone measures on hip fracture risk [40, 52, 53] or derived novel ROIs using the aforementioned SPM techniques [11, 39, 54] to find 3D bone mineral density patterns associated with hip fracture. All of these have found associations between 3D CT measures and fracture, and our analysis fits well alongside the voxelbased morphometry work of Carballido-Gamio et al. [53] . However, the greater number of fractures of each type (FN and TR) that we had available allowed us to investigate fracture-type specific ROIs. Johannesdottir et al. examined femoral neck cortical thickness in the Icelandic AGES Reykjavik study before Carballido-Gamio et al., but using Mindways CTXA BIT2 software. In that study, the main finding was that supero-anterior femoral neck cortical thickness was strongly related to fracture, especially FN fracture, and remained a significant predictor of hip fracture even after allowing for femoral neck aBMD (also allowing for age, weight and height) [40] . Bousson et al. examined the distribution of CT-derived 3D BMD measures for classifying fracture type. Their results suggested that the volume of cortical bone in the trochanter was the main difference between fracture types (TR and FN) -similar to our findings. In addition, they found that the BMD of the femoral head was a strong predictor of fracture status [39] . With a similar study design to ours, the sensitivity analyses of Bousson are broadly in agreement with our own. Our results, however, pinpoint and quantify precisely where one should look in the 3D structure of the hip as a whole.
The FEMCO protocol also permitted comparison between patients with hip fracture and fallers without hip fracture. Fallers were often frail, and had sustained trauma or even peripheral fractures of one type or another. It was perhaps not surprising (with hindsight) that there were no systemic differences between the hip fracture patients and fallers. Elderly fallers did have focal bone defects in their hips when compared to healthy controls (Fig. 3g) and their future hip fracture risk is presumed to be substantial.
Our study has limitations. Combining analyses of healthy volunteers from several cohorts is a convenience analysis, and neither the sampling of the cases (sequentially during clinical practice) nor controls (sequentially during clinical practice in the UK or via care centres in the Czech Republic) is optimal. Study 1.2 involves subjects from two countries, where either the bone structure of the subjects themselves, the CT scanning technology or calibration differences could introduce systematic errors. To counter this, we modelled study site in all the general linear models. However, when examined on its own, it was clear that there was a systematic difference between values of cortical and trabecular bone between the UK and the Czech Republic. Furthermore, the incidence of hip fracture as well as bone density values differ between Czech Republic and the UK [55] . We suspect that the difference in calibration phantoms (the 5 compartment Mindways K2HPO4 phantom versus the 2 compartment Siemens Osteophantom) may also underlie the systematic difference in CMSD and aBMD that we observed. An additional limitation lies in the fact that the cases and controls from the Czech Republic that we include in the combined analysis here have already been analysed -justified in order to achieve sufficient types of hip fracture, but not optimal. The height and weight measurements were not immediately pre-fracture, being either performed after fracture repair or taken from past GP records. Matching was not achieved in an optimal fashion and application of our results to the general population is not possible from such a sampling method. One subtlety emerges from understanding the potential effects of correlated regressors in SPM, regarding the need to leave out shape mode 1 (overall bone size) and height in the model. This means that the reader must bear in mind that some of the variance in CMSD or ECTD that we show as explained by group (in Fig. 3 ) might be partly explained by subject height or femur size, since it is well established (and also observed in this study) that larger bones are more susceptible to fracture [11, 56] . Hence a priority is to test 3D bone mapping methods in a study where sampling has been performed appropriately, involving women who have been followed prospectively for incident hip fracture. There were also limitations to the biopsy study; it being performed on a small group of subjects containing a mixture of female and male subjects. While we can use microCT to measure structural parameters, the more traditional technique of histomorphometry may illuminate the remodelling mechanisms for this focal osteoporosis and, for instance, whether fatigue or disuse underpin these focal changes.
Conclusions
Women who sustain a hip fracture have focal osteoporosis in the proximal femur. Femoral neck and trochanteric hip fractures involve distinct patterns of focal osteoporosis. These findings support the Fig. 3c-f) . The ability of age, height and an average 3D measure of either CMSD (5b), ECTD (5c) or both CMSD and ECTD (5d) to correctly discriminate fractures, as well as the corresponding AUC values and 95% confidence intervals for discriminating all fractures (ALL FX), Trochanteric fractures (TR) and Femoral neck (FN) are shown.
hypothesis that focal osteoporotic defects play a key role in determining fracture risk and fracture location. This information may assist in anatomical targeting of future anti-fracture therapies applied locally through minimally invasive surgery to vulnerable regions of the proximal femur.
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